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We report the observation of stimulated Brillouin scattering and lasing at 1550 nrn in barium fluoride (BaF 2 ) 
crystal. Brillouin lasing was achieved with ultra-high quality (Q) factor monolithic whispering gallery mode 
(WGM) mm-size disk resonators. Overmoded resonators were specifically used to provide cavity resonances 
for both the pump and all Brillouin Stokes waves. Single and multiple Brillouin Stokes radiations with 
frequency shift ranging from 8.2 GHz up to 49 GHz have been generated through cascaded Brillouin lasing. 
BaF 2 resonator-based Brillouin lasing can find potential applications for high-coherence lasers and microwave 
photonics. 


Stimulated Brillouin scattering (SBS) is a nonlinear 
optical process resulting from the coherent interaction 
of light and acoustic waves. It is usually related to the 
effect of electrostriction and gives rise to inelastic light 
backscattering with a Doppler downshift related to the 
acoustic phonon frequency. Over the past years, SBS 
has been extensively studied in numerous optical waveg¬ 
uides such as optical fibers 1-3 , photonics crystal fibers 4 ’ 5 , 
and on-chip photonic integrated circuits 6-8 . A variety of 
nonlinear materials including silica, chalcogenide or sil¬ 
icon have been investigated. Enhanced SBS has been 
recently predicted and demonstrated in nanoscale sili¬ 
con photonic waveguides 9,10 , where the radiation pres¬ 
sure combines with electrostriction to greatly improve the 
Brillouin gain, thus bridging the gap between SBS and 
optomechanics. Enhanced and cascaded SBS can also be 
easily achieved in nonlinear optical cavities, leading to 
narrow-linewidth and efficient SBS lasing 11,12 . 

Among optical resonators, whispering gallery mode 
(WGM) resonators have a number of qualities that make 
them very attractive for investigating SBS. Their advan¬ 
tages include a strong light confinement due to small 
mode volumes and ultra-high Q factors 13 . Moreover, 
crystalline WGM resonators are very interesting because 
of their broad transparency window ranging from the ul¬ 
traviolet to the mid-infrared region 14-16 . These photonic 
platforms thus appear as alternative and promising solu¬ 
tions for nonlinear applications, and thus opens an ap¬ 
proach to harness and enhance the interaction between 
photons and acoustic phonons. For instance, Brillouin 
lasing with microwatt threshold power has recently been 
observed in ultra-high Q-factor CaF 2 WGM resonators 17 . 
A narrow-linewidth Brillouin microcavity laser and an 
ultra-low-phase-noise microwave synthetizer have also 
been demonstrated using chemically etched ultrahigh-Q 
silica-on-silicon wedge resonators 18,19 . Brillouin scatter¬ 
ing from surface acoustic waves has also been reported in 
MgF 2 WGM resonators and in silica microspheres 20-22 . 
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In this Letter, we experimentally demonstrate Bril¬ 
louin lasing at 1550 nm in ultra-high Q factor WGM mil¬ 
limeter disk resonators based on barium fluoride (BaF 2 ) 
crystal 23 . We show in particular that Brillouin lasing 
occurs although the Brillouin frequency shift does not 
match the fundamental free-spectral range (FSR) of the 
cavity. The doubly resonant condition for the pump and 
the Brillouin Stokes waves is in fact fulfilled by using a 
group of different transverse WGMs. Milliwatt threshold 
power and narrow-linewidth single and multiple Brillouin 
laser lines through cascaded Brillouin scattering are re- 



FIG. 1. (a) Left: Scheme of a Brillouin WGM resonator 

in a doubly resonant configuration. The dotted line desig¬ 
nates Brillouin gain band. The solid Lorentzian lines and 
vertical lines show cavity resonances and laser lines, respec¬ 
tively; Right: Principle of a Brillouin laser based on a WGM 
resonator with the incoming pump (gold), the first backward 
(red) and second forward (dark red) Stokes lines, (b) Scheme 
of the experimental setup. PC: fiber polarization controller; 
OC: optical fiber circulator; LI, L2: GRIN lenses; VOA: 
variable optical attenuator; OSA: optical spectrum analyzer; 
PD1, PD2: InGaAs photodetectors; Fw: forward; Bw: back¬ 
ward. 
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ported. 

The ultra-high Q WGM BaF 2 resonators have been 
fabricated from commercially available disks with diame¬ 
ters of 12 mm and thicknesses of 1 mm using the mechan¬ 
ical polishing method . 24 The polished disks then have 
slightly smaller diameters than the original ones. With 
such dimensions, it is obvious that the radiation pressure 
induced by light on the boundaries can be neglected. To 
achieve lasing effects using SBS gain, doubly resonant 
configurations are usually exploited, as shown schemati¬ 
cally in Fig. 1(a). It is therefore needed that cavity res¬ 
onances exist in both pump and Brillouin gain regimes. 
However, this usually requires an ultimate control on res¬ 
onator geometries in the single WGM regime 1 ' ,18 . The 
Brillouin WGM resonators studied here overcome this 
strict condition by using a group of transverse WGMs 
with different frequency offset from the fundamental 
FSR, as we will see thereafter. The right scheme in 
Fig. 1(a) depicts typical cascaded Brillouin scattering in 
a WGM disk resonator whereby a series of Stokes waves 
of decreasing frequencies are generated through the ex¬ 
citation of a circling bulk longitudinal acoustic wave. 
The associated density variation leads to small periodic 
changes of the effective refractive index along the opti¬ 
cal resonator. When passing through this moving refrac¬ 
tive index grating, light undergoes Bragg scattering in 
the backward direction according to the phase-matching 
condition, as in fibre-based Brillouin scattering 1 . The 
backscattered Brillouin signal undergoes a slight shift of 
its carrier frequency that can be expressed as 25 : vb = 
tts/ 27t = 2n e ffV a / A p , with n e ff being the effective refrac¬ 
tive index of the WG optical mode, X p the optical wave¬ 
length in vacuum, and V a the acoustic phase velocity. 
The latter can be readily calculated from the longitudinal 
sound speed in BaF 2 as V a = [(Cu+Ci2+2C44)/(2p)] 1 / 2 , 
where C\\ , C 12 , C 44 are three independent elastic con¬ 
stants and p is the material density. These values in 
BaF 2 are {0.9199, 0.4157, 0.2568} x 10 11 N.m “ 2 and 
4.83 g.cm -3 , respectively 26 . This gives an acoustic ve¬ 
locity of V a = 4.38 km.s -1 . If we take into account the 
material refractive index of 1.466 at 1550 nm, we find a 
Brillouin frequency shift vb = 8.27 GHz. Another key 
parameter is the Brillouin gain bandwidth A vb, which is 
only a few tens of MHz 27 . This narrow gain bandwidth 
implies a strict phase-matching condition for WGM Bril¬ 
louin lasers, as it requires a sharp cavity resonance to co¬ 
incide within the SBS gain regime, as shown in Fig. 1(a). 
As a result, Brillouin lasers were initially studied in fiber 
ring resonators which can feature the FSR smaller than 
the SBS gain bandwidth to fulfill this condition. Nev¬ 
ertheless, it is known that WGM disk resonators exhibit 
rich mode structures within one FSR (overmoded res¬ 
onators) 20,21 . 

Figure 1(b) shows the experimental setup used to ob¬ 
serve cascaded Brillouin lasing. As a pump laser, we 
used a tunable continuous-wave (cw) fiber laser at 1550 
nm with sub-kHz intrinsic linewidth. The laser frequency 
can be finely tuned by controlling the length of the fiber 


cavity through a piezoelectric transducer. A SF11 prism 
was then used to couple light into and out from the WGM 
BaF 2 resonator. A gradient-index (GRIN) lens LI fo¬ 
cuses the free space laser beam from the fiber port into 
the prism for evanescent wave coupling to WGMs. The 
other lens (L2) collects the reflected light signal back 
into a single-mode fiber for detection by a photodiode 
(PD1). The coupling gap between the prism and the 
resonator can be precisely controlled through a piezo¬ 
actuator. A fiber optical circulator was also inserted be¬ 
fore the prism for extracting the feedback signal from the 
Brillouin Stokes signal into the second photodiode (PD2). 
The output spectra of Brillouin Stokes lines in both for¬ 
ward and backward direction were recorded and analyzed 
using a high-resolution optical spectrum analyzer (OSA, 
APEX 2440B, resolution down to 5 MHz). 

Figure 2(a) shows a typical prism-resonator transmis¬ 
sion spectrum measured by tuning the laser frequency 
over more than one FSR. As it can be seen, the spectrum 
shows a typical multi-peak resonance structure of an 
overmoded WGM resonator, meaning that many higher- 
order transverse WGMs are resonating in the cavity. Un¬ 
like fiber ring cavities, WGMs are usually characterized 
with multimode behaviors because of the rich transverse 
mode properties in both radial and polar directions 28 . 
In an ultra-high Q resonator, these high order transverse 
modes can possess similar Q factors as the fundamental 
ones and be observed within one FSR. From Fig. 2(a), 
we measured an FSR of 5.47 GHz, in very good agree¬ 
ment with the theoretical value of 5.49 GHz derived from 
a diameter of d = 11.87 mm using the standard formula 
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FIG. 2. Experimental results: (a) Typical transmission spec¬ 
trum of an overmoded WGM BaF 2 resonator with feed¬ 
back Stokes Brillouin signal (red). FSR is 5.47 GHz and 
isb-FSR = 2.80 GHz. (b) Typical Brillouin spectra recorded 
using a high resolution optical spectrum analyzer in the for¬ 
ward (left) and backward (right) directions. The measured 
Brillouin frequency vb is 8.2 GHz. Resolution is 5 MHz. 
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FSR = c/(i rn e ffrf), where c is the speed of light in vac¬ 
uum. Also shown in Fig. 2(a) is the feedback signal from 
the optical circulator simultaneously detected in PD2. 
Clearly, this strong feedback signal is the signature of 
Brillouin backscattering from the WGM resonator that 
match with a cavity resonance. 

To get better insight, Fig. 2(b) shows both the forward 
and backward SBS spectra. The spectra were recorded 
by using the high-resolution OSA with the pump laser 
frequency scanning across the optical resonance. In ad¬ 
dition to the pump frequency, we can see in both spectra 
the clear emergence of two Brillouin optical sidebands on 
the Stokes side. The frequency spacing between them is 
vs = 8.2 GHz, in quite good agreement with our previ¬ 
ous estimated SBS frequency of 8.27 GHz. The smaller 
experimental value could be due to the fact that the 
effective refractive index of a WGM is slightly smaller 
than the material itself. A further comparison of the 
two spectra of Fig. 2(b) reveals that the first Brillouin 
Stokes sideband at 8.27 GHz dominates in the back¬ 
ward spectrum whereas the second-order Brillouin line 
at 16.5 GHz is mainly propagating in the forward direc¬ 
tion. The low residual Stokes lines that appear in the 
opposite directions are due to weak Rayleigh scattering 
in the resonator 29,30 and possible reflections in the setup. 
Figure 2(b) also reveals that the first Brillouin line does 
not match the FSR of the resonator, whereas the second 
order is close to three times the FSR. 

Although the observed Brillouin frequency does not 
match the FSR of the resonator, we can see in Fig. 2(a) 
the existence of WGMs with a frequency offset of 
2.72 GHz from the optical mode that has the best Stokes 
signal. This frequency offset matches remarkably with 
the Brillouin frequency shift as vs — FSR, indicating that 
higher-order transverse WGMs help to fulfill the doubly 
resonant condition for SBS. The threshold power is also 
strongly dependent on the spatial mode overlap factor T 
between the interacting WG modes. If we assume that 
the optical resonance for the Brillouin Stokes waves coin¬ 
cide with the maximum gain position, the SBS threshold 
power P t h can be expressed as 31 : 

p M - 1 A2 v *s m 

r 3 bA p As QpQs 

where is the Brillouin gain of BaF 2 crystal, \p t s are 
the wavelengths, Qp t s are the Q factors of the pump and 
Stokes modes. For a resonator with its FSR close to the 
Brillouin frequency, the overlap factor T can be close to 1, 
and /iW threshold behaviors can be achieved, as demon¬ 
strated in CaF 2 17 . This condition however requires an 
ultimate control on resonator geometries 17,18 . Here we 
use an overmoded WGM resonator exhibiting rich trans¬ 
verse modes, thus providing different frequency offsets 
from the fundamental FSR. As a result, we have been 
able to observe Brillouin lasing in three handly polished 
BaF 2 resonators with different geometries and Q factors, 
although the threshold power is consequently higher. 

To further investigate the Brillouin laser performances, 



FIG. 3. (a) Experimental measurements showing the onset of 
stimulated Brillouin scattering in red through pump laser de¬ 
tuning across a thermally distorted WGM. The corresponding 
pump frequency scanning range is 10.5 MHz. (b) Brillouin 
Stokes power in the feedback direction as a function of the 
coupled pump power. P t hi: 7.1 mW; Pth 2 - 10.6 mW; The 
slope efficiency between Pthi and P t h 2 reaches 35%. 


we carried out experiments using a fast characterization 
method similar to the one used for sub-microwatt thresh¬ 
old microlasers 32 . A WGM resonator with an intrinsic Q 
factor of 6 x 10 8 was pumped with the laser frequency 
scanning across the resonance. The onset and the disap¬ 
pearance of the feedback Brillouin signal was simultane¬ 
ously monitored, as shown in Fig. 3 (a). The distorted 
resonance on the pump mode results from the negative 
thermo-optic coefficient of BaF 2 23 . We then plotted in 
Fig. 3(b) the Stokes signal as a function of the coupled 
pump power (P c ) to measure the laser threshold. The 
first-order Brillouin laser threshold was measured from 
a coupled pump power of P t hi =7.1 mW with a slope 
efficiency of 35%. We can also see a clamping of the first 
Stokes laser power for a pump power of Pth 2 = 10.6 mW. 
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FIG. 4. Experimental Brillouin spectra obtained in two differ¬ 
ent BaF 2 resonators: (a) A spectrum of a single-line WGM 
Brillouin laser in the backward direction, (b) A spectrum 
showing cascaded Brillouin lasing up to the 6th order recorded 
in the forward direction. Resolution is 100 MHz 
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FIG. 5. RF spectrum of the beat note signal, measured using 
a fast detector and an ESA. RBW: resolution bandwidth. 

This is due to the second-order Brillouin generation that 
circulates back into the cavity forward direction. The 
threshold behaviors of two Stokes lines were also con¬ 
firmed in the spectrum by changing the maximum cou¬ 
pled pump power. We have also observed that differ¬ 
ent coupling gaps yield different threshold conditions as 
the loaded Q factors and optical mode positions also de¬ 
pend on the gap. Brillouin lasers are ideal candidates to 
achieve significant linewidth reduction from the pump 
laser source. Moreover, cascaded Brillouin lasers has 
been used for low-phase noise microwave generations 19 . 
The ability to achieve single Stokes Brillouin laser and the 
cascaded one is therefore of uttermost importance. This 
function can be achieved by tailoring the geometry of the 
WGM resonator. The missing resonance on the second 
Stokes position can lead to a single Stokes laser, which 
has been experimentally observed in Fig. 4 (a). On the 
other hand, efficient cascaded Brillouin lasing up to the 
6 th order is also realized as shown in Fig. 4 (b). This was 
achieved because the second order Brillouin shift is very 
close to triple FSR (2 zzg ~ 3 FSR) in our resonators. 

We also examined the beat note between Brillouin 
Stokes lines and the pump by sending the backward sig¬ 
nal directly into a fast photodetector. Figure 5 shows 
the corresponding RF spectrum measured using an elec¬ 
tronic spectrum analyzer (ESA). A beat signal centered 
at 8.223 GHz with a 20 dB linewidth of 27 kHz was 
observed, showing that the Brillouin linewidth of the 
WGMs is well below the natural linewidth in bulk flu¬ 
oride (about 12 MHz) 27 . 

In conclusion, we reported in this paper the observa¬ 
tion of Brillouin lasing in ultra-high Q BaF 2 WGM res¬ 
onators. Both single Stokes laser and cascaded Brillouin 
generation have been demonstrated. The doubly reso¬ 
nant condition for both the pump and the Brillouin waves 
was fulfilled using different transverse WGMs, which re¬ 
lease the strict condition imposed by the narrow Brillouin 
gain bandwidth and the cavity resonances. Our tech¬ 
nique therefore appears as an alternative and promising 
solution for controlling and improving stimulated Bril¬ 
louin scattering using crystalline WGM resonators and 
opens the way for producing efficient compact highly- 
coherent laser and low phase noise microwave genera¬ 
tors for applications to telecommunications and other do¬ 
mains. 
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